Haemophilus ducreyi causes the sexually transmitted disease chancroid and a chronic limb ulceration syndrome in children. In humans, H. ducreyi is found in an abscess and overcomes a hostile environment to establish infection. To sense and respond to membrane stress, bacteria utilize two-component systems (TCSs) and extracytoplasmic function (ECF) sigma factors. We previously showed that activation of CpxRA, the only intact TCS in H. ducreyi, does not regulate homologues of envelope protein folding factors but does downregulate genes encoding envelope-localized proteins, including many virulence determinants. H. ducreyi also harbors a homologue of RpoE, which is the only ECF sigma factor in the organism. To potentially understand how H. ducreyi responds to membrane stress, here we defined RpoE-dependent genes using transcriptome sequencing (RNASeq). We identified 180 RpoE-dependent genes, of which 98% were upregulated; a major set of these genes encodes homologues of envelope maintenance and repair factors. We also identified and validated a putative RpoE promoter consensus sequence, which was enriched in the majority of RpoE-dependent targets. Comparison of RpoE-dependent genes to those controlled by CpxR showed that each transcription factor regulated a distinct set of genes. Given that RpoE activated a large number of genes encoding envelope maintenance and repair factors and that CpxRA represses genes encoding envelope-localized proteins, these data suggest that RpoE and CpxRA appear to play distinct yet complementary roles in regulating envelope homeostasis in H. ducreyi.
H
aemophilus ducreyi is a Gram-negative, obligate human pathogen that causes chancroid. Chancroid is a sexually transmitted genital ulcer disease that presents as painful genital ulcers, often associated with regional lymphadenopathy. Chancroid is prevalent in the developing countries of Africa, Asia, and Latin America. Although the global prevalence of chancroid was estimated to be 4 to 6 million cases in the late 1990s, it is now undefined due to syndromic management of genital ulcer disease and the lack of surveillance programs (1, 2) . In addition to causing its own morbidity, chancroid facilitates the acquisition and transmission of human immunodeficiency virus type 1 by providing a portal of viral entry, promoting viral shedding from the ulcer, and increasing viral replication due to immune activation (1, 2) . Recent reports from the South Pacific islands implicate H. ducreyi as a predominant cause of a chronic limb ulceration syndrome in children, which is not sexually transmitted (3) (4) (5) (6) .
H. ducreyi is thought to enter the skin through abrasions that occur during intercourse. Clinical disease is often characterized initially by a papule at the site(s) of entry. The papules eventually develop into pustules, which finally erode into painful ulcers. To understand how H. ducreyi causes infection in its natural host, our laboratory developed a human challenge model of infection (7) . In this model, healthy adult volunteers are inoculated with H. ducreyi on the skin of the upper arm via puncture wounds. Within 24 h of inoculation, neutrophils and macrophages traffic into the wound and coalesce into an abscess that eventually erodes the epidermis. During both experimental and natural infection, H. ducreyi is surrounded by neutrophils and macrophages, which fail to ingest the organism (8, 9) . To successfully establish infection in its host, H. ducreyi must be able to sense and respond to the hostile environment of an abscess, including toxic products released by phagocytes and epithelial cells, the bactericidal activity of serum that transudates into the wound, hypoxia, and nutrient limitation.
Gram-negative bacteria frequently utilize two-component systems (TCSs) to sense and respond to extracellular stresses. The H. ducreyi genome encodes homologues of CpxRA, which is the only obvious intact TCS encoded in the genome. Activation of CpxR by deletion of cpxA downregulates the majority of its targets, including multiple virulence determinants, and attenuates the virulence of H. ducreyi in humans (10) (11) (12) . However, deletion of cpxR does not affect the expression of virulence determinants or reduce the virulence of the organism in humans, suggesting that CpxRA is dispensable for H. ducreyi infection (13) . Thus, H. ducreyi likely utilizes alternative mechanisms to sense and respond to extracellular stresses in vivo.
Gram-negative bacteria also utilize extracytoplasmic function (ECF) sigma factors to sense and respond to extracellular stresses; the Escherichia coli RpoE is one of the best-characterized ECF sigma factors. RpoE allows E. coli to sense and respond to stresses that perturb the cell envelope (14) (15) (16) (17) . In the absence of stress, RpoE is bound to the cytoplasmic domain of RseA, an anti-sigma factor, and to RseB, another negative regulator of RpoE (18, 19) . RseC is a minor positive regulator of RpoE (19) . RpoE is activated primarily by stresses that affect the folding of outer membrane proteins (OMPs), such as heat shock, oxidative stress, starvation, hyperosmotic stress, exposure to ethanol and detergents, and mutations in genes encoding chaperones for protein folding (20) . In the presence of stress stimuli, the carboxyl ends of misfolded OMPs activate the protease activity of DegS, which in turn cleaves RseA in concert with RseP, ClpP, and other proteases, activating the RpoE regulon. Both OMP activation of DegS and lipopolysaccharide (LPS)-dependent relief of RseB inhibition are required for robust induction of RpoE (21, 22) . One of the major subsets of genes regulated by RpoE encodes proteins involved in maintenance and repair of the cell envelope (23, 24) . RpoE also regulates a number of cytoplasmic proteins involved in transcription, translation, and DNA synthesis and repair. RpoE is an essential sigma factor in E. coli; mutations in rpoE are either lethal or associated with suppressor mutations (25, 26) .
The H. ducreyi genome (GenBank accession no. AE017143) contains homologues of RpoE, RseA, RseC, DegS, and RseP. RpoE is the only obvious ECF sigma factor in H. ducreyi. Our efforts to generate rpoE, rseA, and rseC mutants of H. ducreyi were unsuccessful. As an alternative approach to understand the role of the RpoE-mediated response in H. ducreyi, here we defined the genes regulated by RpoE using transcriptome sequencing (RNA-Seq). To this end, we compared the RNA-Seq-defined transcriptome of an H. ducreyi 35000HP wild-type strain containing an rpoE inducible plasmid to that of a wild-type strain containing a control plasmid. We show that RpoE differentially regulated ϳ10% of the H. ducreyi genes, 98% of which were upregulated. Comparison of RpoE-dependent genes to those regulated by activated CpxR showed that the two transcription factors regulated unique sets of genes. While CpxRA represses the majority of its targets encoding envelope-localized proteins, RpoE activated a large number of genes involved in envelope maintenance and repair, suggesting that the two systems appear to play distinct yet complementary roles in regulating envelope homeostasis.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The H. ducreyi strains were grown on chocolate agar plates supplemented with 1% IsoVitaleX at 33°C with 5% CO 2 or in Columbia broth supplemented with 5% tetracyclinefree fetal bovine serum (Clontech), 1% IsoVitaleX, and 50 g/ml of hemin (Aldrich Chemical Co.) at 33°C. E. coli strain DH5␣ and One Shot Top10 chemically competent cells (Invitrogen) were used for general cloning purposes. E. coli strains were grown in Luria-Bertani medium at 37°C, except for strain DY380, which was maintained in L-broth or L-agar and grown at 32°C or 42°C for induction of the red recombinase. When necessary, media were supplemented with spectinomycin (200 g/ml for H. ducreyi and 50 g/ml for E. coli), kanamycin (20 g/ml for H. ducreyi and 50 g/ml for E. coli), and/or streptomycin (100 g/ml for H. ducreyi and 50 g/ml for E. coli).
Construction of a tetracycline-inducible RpoE expression vector. To construct a tetracycline-responsive RpoE expression vector, the rpoE coding region was amplified using primers P1/P2 (see Table S1 in the supplemental material), which generated an NdeI site at the 5= end and a BamHI site at the 3= end of rpoE. The amplified fragment was ligated into NdeI-and BamHI-digested pT, which contains a tetracycline-inducible regulatory system (27) ; the resulting construct was designated pDG8. Pre- (28) . The growth of 35000HP transformed with pDG9 was identical to that of 35000HP (data not shown). As a control, a plasmid that contained all features of pDG9 but lacked rpoE, designated pDG10, was also constructed. All constructs were confirmed by sequencing. pDG9 and pDG10 were transformed into H. ducreyi 35000HP, and the resulting strains were designated 35000HP-(pDG9) and 35000HP(pDG10), respectively. A FLAG-tagged RpoE expression vector was constructed by engineering a 3ϫ-FLAG tag sequence into rpoE immediately after its translation start codon in pDG9 using red recombinase. Briefly, pDG9 was transformed into the E. coli strain DY380, which contains the temperaturesensitive red recombinase (29) . A 150-bp cassette was amplified by PCR using primers P3/P4 (see Table S1 in the supplemental material) with P3 containing the engineered 3ϫ-FLAG tag sequence. The amplified fragment was electroporated into DY380. Following induction of red recombinase, the 3ϫ-FLAG tag sequence was inserted immediately downstream of the rpoE translation start codon. The resulting construct was designated pDG11 and was confirmed by sequencing using primers P5/ P6. pDG11 was transformed into H. ducreyi 35000HP, and the resulting strain was designated 35000HP(pDG11).
RT-PCR and qRT-PCR. Total RNA was extracted from bacterial cells using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. To remove DNA, the RNA was treated twice with the Turbo DNAfree DNase (Ambion). The integrity and the concentration of the RNA were determined using the Agilent 2100 Bioanalyzer (Agilent Technologies) and the NanoDrop ND-1000 spectrophotometer (Thermo Scientific), respectively. cDNA was synthesized from total RNA using the Super Smart cDNA synthesis kit (Clontech); reverse transcriptase PCR (RT-PCR) analysis of rpoE-rseA, rseA-rseC, and rseC-fadD was performed using primers P7/P8, P9/P10, and P11/P12, respectively (see Table S1 in the supplemental material).
Quantitative RT-PCR (qRT-PCR) was performed using the QuantiTect SYBR green RT-PCR kit (Qiagen) in an ABI Prism 7000 sequence detection system (Applied Biosystems). qRT-PCR was performed to amplify internal gene-specific fragments ranging from 70 to 200 bp of HD0518, rluA, dsbA, degP, and HD0192 using primers P13/ P14, P15/P16, P17/P18, P19/P20, and P21/P22, respectively (see Table  S1 in the supplemental material); qRT-PCR analysis of HD0430, HD0930, hfq, and ompP2B was performed using primers described previously (11) . The amplification efficiency was determined for each primer pair; all primer pairs had greater than 95% efficiency. The expression levels of target genes were normalized to that of dnaE using primers described previously (11) . The fold change in expression was calculated as (E target )
, where E is the amplification efficiency (equal to 10 Ϫ1/slope ) and ⌬C T is the change in cycle threshold (10) . For induction of FLAG-tagged RpoE expression, 35000HP(pDG11) and 35000HP(pDG10) were grown to mid-log phase (OD 660 ϭ 0.2) and then treated with 200 ng/ml of ATc, harvested, and analyzed as described above. Western blotting was performed on whole-cell lysates of 35000HP-(pDG11) and 35000HP(pDG10) before and 5, 10, and 20 min after adding ATc, using the monoclonal anti-FLAG M2 antibody (Sigma) (11) .
RNA-Seq analysis and identification of RpoE-dependent genes. RNA samples were isolated from 35000HP(pDG9) and 35000HP(pDG10) before and 5 and 10 min after induction of rpoE. RNA quality and quantity assessment, mRNA enrichment, preparation of RNA-Seq libraries, sequence mapping, quantification of transcript levels, and identification of differentially expressed genes were performed as described previously (11) . Sequence was obtained as 50-bp single-end reads on an Illumina HiSeq 2500 instrument. Since rpoE transcription was induced during the experiments, rpoE transcript levels were excluded from the analysis. Functional classification and clustering analysis of the differentially expressed genes were performed using DAVID bioinformatics resources (30) .
Identification of putative RpoE promoter motifs upstream of induced transcriptional units. Putative RpoE promoter motifs were identified de novo using the Multiple EM for Motif Elicitation (MEME) algorithm (31) . Briefly, the differentially regulated genes were organized into transcriptional units (TUs) using the predicted operon structures from the DOOR database (32) . Transcription start sites (TSSs) were predicted for the differentially regulated TUs using the RNA-Seq data. The 100-bp upstream regions from the predicted TSSs were used for de novo motif identification by the MEME algorithm, restricting the motif length to 15 to 50 bp. The identified motif was then represented as a position-specific scoring matrix (PSSM). The significance of the discovered motif was tested by calculating the matching scores based on the putative promoter sequence and the motif feature characterized by the PSSM, using a published strategy (33) . The score cutoff was determined by maximizing the enrichment of identified motifs in the putative promoter regions of differentially regulated TUs compared to those of the unaffected genes.
Reporter assays. Reporter assays were performed as previously described (11) . Approximately 450-bp upstream regions from the translation start codon containing the putative promoter regions of dsbA, degP, hfq, rpoE, and rpoH were amplified by PCR using primers P23/P24, P25/ P26, P27/P28, P29/P30, and P31/P32, respectively (see Table S1 in the supplemental material). The fragments were ligated to pRB157 using the BglII restriction site preceding a promoterless green fluorescent protein (GFP) gene cassette (34) . The orientation of the insert with respect to the GFP gene cassette was confirmed by PCR using a promoter-specific forward primer and the reverse primer that hybridizes to a region of the GFP gene cassette downstream of the BglII site described previously (11) . The final constructs, designated pDG12, pDG13, pDG14, pDG15, and pDG16, containing the respective putative promoter regions from dsbA, degP, hfq, rpoE, and rpoH were confirmed by sequencing.
Given that the reporter constructs and the rpoE inducible expression system (pDG9) both contained a pLS88 origin of replication, we replaced the pLS88 origin of replication in pDG9 with a p15A origin of replication from pACYC177. Briefly, the regions containing the origin of replication and the ampicillin resistance cassette in pACYC177 and the rpoE inducible expression system, including the terminators on either side in pDG9, were amplified using primers P33/P34 and P35/P36, respectively (see Table S1 in the supplemental material). The two fragments were assembled together using the Gibson Assembly cloning kit (New England BioLabs). After confirmation by sequencing, the final construct, designated pDG17, was electroporated into H. ducreyi 35000HP, resulting in 35000HP-(pDG17). The growth of 35000HP(pDG17) in broth was identical to that of 35000HP (data not shown). The reporter constructs were then electroporated into 35000HP(pDG17). As a control, a reporter containing the putative lspB promoter region was also electroporated into 35000HP-(pDG17) (10) . Whole-cell lysates were prepared from each transformant harvested at 0, 30, 60, and 120 min after RpoE induction and analyzed by Western blotting using monoclonal antibodies specific to GFP (Clontech) and the peptidoglycan-associated protein (PAL) (10) . For each strain, the level of expression of GFP protein normalized to PAL was determined by densitometry using ImageJ software (35) .
Site-directed mutagenesis of putative RpoE-dependent rpoH promoter elements. Mutations were introduced into the putative RpoE-dependent rpoH promoter region in pDG16 using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies) following the manufacturer's instructions. The upstream region of rpoH in pDG16 contains two putative RpoE-dependent promoters. The third, fourth, and fifth conserved nucleotides in the Ϫ35 conserved region of each putative pro- 3, 5 , and 7) and 35000HP(pDG10) (lanes 2, 4, 6, and 8) at 0, 5, 10, and 20 min after RpoE induction. RpoE expression was determined using a monoclonal antibody specific to the 3ϫ-FLAG tag fused to the N-terminal end of RpoE immediately after the start codon. PAL, detected using the 3B9 antibody, served as a loading control. The data represent the means Ϯ SD from four independent experiments. *, P Ͻ 0.05 and **P Ͻ 0.01. moter were mutated from A to T, A/C to T, and C to T, respectively (see Fig. 7A ). Mutagenic primers were designed using the QuikChange Primer Design program (Agilent Technologies). The primers P37/P38 and P39/ P40 were used to mutagenize putative promoter 1 and 2 regions, respectively; the mutagenized constructs were designated pDG18 and pDG19 (see Table S1 in the supplemental material). The mutations in pDG18 and pDG19 were confirmed by sequencing. The mutagenized constructs were used to transform 35000HP(pDG17); the transformants were grown to mid-log phase and induced for rpoE expression, and the expression ratio of GFP/PAL was measured as described above.
Statistical analyses. Densitometry data were analyzed using one-way analysis of variance (ANOVA) with Tukey's honestly significant difference post hoc test; a P value of Ͻ0.05 was considered statistically significant. The overlap of RpoE-dependent genes with those regulated by CpxRA, Hfq, and stationary phase was analyzed using Fisher's exact test; the overlap was considered significant if the odds ratio was Ͼ1 and the P value was Ͻ0.05. Throughout, the data are expressed as means Ϯ standard deviations (SD).
RESULTS
Identification and characterization of the rpoE locus in H. ducreyi. The H. ducreyi genome contains putative homologues of rpoE (HD1172), rseA (HD1173), rseC (HD1174), degS (HD1350), rseP (HD1192), and clpP (HD0221). However, H. ducreyi lacks an obvious homologue of rseB. By BLAST analysis, the H. ducreyi RpoE, RseA, RseC, DegS, RseP, and ClpP had 69%, 32%, 35%, 51%, 43%, and 73% amino acid identity to their respective homologues in E. coli. In E. coli, rpoE, rseA, rseB, and rseC are organized together in an operon (Fig. 1A) (19) . The H. ducreyi rpoE, rseA, and rseC genes are also organized in a putative operon with gene order rpoE¡rseA¡rseC¡fadD (Fig. 1B) ; fadD is a pseudogene in H. ducreyi. RT-PCR analysis suggested that rpoE is cotranscribed with its downstream genes (Fig. 1B) .
Induction of RpoE expression. In E. coli, RpoE overexpression has been used to define RpoE-dependent genes (23) . H. ducreyi RpoE was overexpressed under the control of a tetracycline (tet) regulatory system. Compared to uninduced 35000HP(pDG9), 35000HP(pDG9) induced with ATc lagged in growth at 1 h after RpoE induction ( Fig. 2A) . By quantitative culture, the viability of 35000HP(pDG9) induced for RpoE expression was identical to that of uninduced 35000HP(pDG9) at 30 min but declined by 1.1 Ϯ 0.16 log and 1.4 Ϯ 0.2 log units at 1 and 2 h after induction, respectively (Fig. 2B) . These data suggested that RpoE induction needed to be confined to less than 30 min to avoid confounding effects on cell viability. Next, we compared rpoE transcripts in 35000HP(pDG9) and 35000HP(pDG10) before and at 2.5, 5, 10, and 20 min after addition of ATc. qRT-PCR analysis showed that rpoE was significantly induced at 2.5 (10.1-fold Ϯ 0.1-fold), 5 (15.1-fold Ϯ 0.7-fold), and 10 (11.0-fold Ϯ 3.8-fold) minutes after addition of ATc, with maximal induction at 5 min (Fig. 2C) .
In order to confirm that induction of rpoE led to increased expression of RpoE, we constructed a FLAG-tagged version of rpoE in the plasmid pDG11. In terms of rpoE transcription, growth, and viability, 35000HP(pDG11) induced for RpoE expression behaved identically to 35000HP(pDG9) (data not shown). Compared to its vector control [35000HP(pDG10)], Western blot analysis of 35000HP(pDG11) using an anti-FLAG antibody showed that RpoE expression was significantly induced at 10 (5.4-fold Ϯ 1.1-fold) and 20 (4.4-fold Ϯ 0.4-fold) minutes after addition of ATc (Fig. 2D) . Transcriptome analysis. To define RpoE-dependent genes, we compared the transcriptome of the RpoE-overexpressing strain [35000HP(pDG9)] to that of its vector control [35000HP-(pDG10)]. We grew the strains to mid-log phase, induced their expression systems with ATc, isolated RNA, and determined their transcriptomes by RNA-Seq.
To reduce indirect transcriptional changes caused by RpoE overexpression, we harvested cells before and at 5 and 10 min after RpoE induction. Within each strain, fold changes in gene expression levels at 5 and 10 min were determined by comparison to preinduction levels. As described previously, a false-discovery rate (FDR) of Յ0.1 and a fold change of Ն2 were used as criteria for differential transcript expression (11) . For each strain and time point, four biological replicates were included, totaling 24 samples (see Table S2 in the supplemental material). The percentage of total reads aligned to the reference genome, the percentage of reads aligned to the coding regions, and the average coverage per nucleotide from all strains and time points ranged from 90.7 to 96.7%, 81.3 to 91.4%, and 5.9 to 10.5, respectively (see Table S2 in the supplemental material). The coefficients of determination (R 2 ) of gene expression levels between the samples within each time point and strain ranged from 0.98 to 0.99, indicating that the RNA-Seq data were highly reproducible.
Comparison of the transcriptomes of 35000HP(pDG9) and 35000HP(pDG10) yielded 180 and 312 differentially expressed genes at 5 and 10 min after RpoE induction, respectively; of these, 98.3% and 98% were upregulated ( Fig. 3 and Tables 2 and 3; see  Table S3 in the supplemental material). Of the 180 and 312 differentially expressed genes, 175 were differentially expressed at both time points (Fig. 3) . Since it was possible that some of the tran- scriptional effects seen after 10 min of induction were indirect, we focused primarily on transcriptional changes seen after 5 min of induction for the remainder of the study. qRT-PCR confirms the fold changes determined by RNASeq. We validated selected differentially regulated targets using qRT-PCR (11) . The targets were first grouped into up-and downregulated genes (Fig. 4A ). The upregulated genes were then subgrouped based on their expression levels (high, medium, and low) (Fig. 4A ). Genes in each expression level were further stratified based on their fold change (2.0 to 5.0, 5.1 to 10.0, and 10.1 to 15.0) (Fig. 4A) . Representative genes were selected arbitrarily from each category; a total of 9 genes were evaluated by qRT-PCR. qRT-PCR analysis confirmed the differential expression of 9/9 targets identified by RNA-Seq (Fig. 4A) . Fold changes derived from RNA-Seq were in good agreement with those derived from qRT-PCR (Fig. 4B) .
De novo identification of putative RpoE promoter motifs. The differentially regulated genes belonged to 73 putative transcriptional units (TUs); transcription start sites (TSSs) were predicted for 44 of these TUs using RNA-Seq data (see Table S4 in the supplemental material). A de novo motif analysis of the 100-bp upstream putative promoter regions from the predicted TSSs of the 44 RpoE-dependent TUs identified an RpoE consensus sequence with an expected value of 3.5 ϫ 10 Ϫ2 (Fig. 5A and B) . The identified sequence logo consisted of a Ϫ35 region, a 15-to 17-nucleotide spacer, and a Ϫ10 region. The H. ducreyi logo was similar to the E. coli RpoE consensus sequence, which contains the Ϫ35 motif GGAACTT, a 15-to 19-nucleotide spacer, and the Ϫ10 motif TCAAA (23) . A genome-wide search using a position-specific scoring matrix (PSSM) derived from the H. ducreyi Ϫ35 and Ϫ10 motifs in the 450-bp upstream and 100-bp downstream regions from the translational start codon showed that this logo was present in the upstream putative promoter sequences of 51 out of 73 (70%) RpoEdependent TUs and in 326 out of 616 (53%) TUs whose expression levels were not differentially regulated (odds ratio ϭ 2.06; P Ͻ 0.006) (see Table S5 in the supplemental material). Given that a relatively higher percentage of nondifferentially regulated TUs contained the RpoE promoter motifs, we calculated the random occurrence of the motifs in the H. ducreyi genome using Fisher's exact test; the results from this analysis showed that the motif was randomly found in 337 out of 616 (55%) nondifferentially regulated TUs. The percentage of nondifferentially regulated TUs that contained the RpoE motifs by chance (55%) is close to the percentage of nondifferentially regulated TUs that contained the RpoE motifs in our enrichment analysis (53%). Using random occurrence as 55%, the expected occurrence of the predicted motifs in differentially regulated TUs is 40 out of 73. How- ever, our enrichment analysis showed that 51 out of 73 differentially regulated TUs contained the RpoE motifs, indicating that the promoter motifs were 27.5% enriched in the differentially regulated TUs compared to those whose expression levels were not differentially regulated. These data suggest that the high occurrence of the RpoE motifs in nondifferentially regulated TUs is likely due to random occurrence of the RpoE promoter motifs in the H. ducreyi genome. Our data also suggest that, despite the high random occurrence of the RpoE promoter motifs in the H. ducreyi genome, the identified promoter motifs were enriched in RpoEdependent TUs.
Reporter assays confirm RpoE regulation of putative target promoters. We sought to determine the RpoE dependence of putative target promoters in 35000HP. We constructed reporter plasmids containing the promoter regions of the RpoE targets dsbA, degP, hfq, rpoE, and rpoH. As a negative control, we used an lspB reporter, which lacks the putative RpoE-dependent promoter. The reporters were transformed into 35000HP(pDG17), which contains the rpoE inducible system. Overexpression of RpoE from the low-copy-number plasmid pDG17 did not affect the viability of H. ducreyi after induction for up to 2 h (data not shown). Therefore, we induced RpoE expression and measured the ratio of GFP protein levels relative to PAL at 0, 30, 60, and 120 min after RpoE induction. Compared to at 0 min, the reporter activity of dsbA (60 min, 3.2-fold Ϯ 0.8-fold; 120 min, 6.1-fold Ϯ 1.4-fold), degP (60 min, 3.8-fold Ϯ 0.7-fold; 120 min, 8.3-fold Ϯ 1.3-fold), hfq (120 min, 2.8-fold Ϯ 0.8-fold), and rpoH (30 min, 1.7-fold Ϯ 0.3-fold; 60 min, 2.9-fold Ϯ 0.5-fold; 120 min, 4.3-fold Ϯ 0.4-fold) significantly increased after induction, confirming RpoE regulation of these targets (Fig. 6A and B) . As expected, the activity of an lspB reporter did not increase after induction (Fig. 6A and B) .
RpoE overexpression increased the transcript levels of rseA and rseC (Table 2) . RT-PCR analysis suggested that rpoE, rseA, and rseC are in an operon (Fig. 1B) . Compared to at 0 min, the reporter activity of the putative promoter preceding the rpoE TU significantly increased at 120 min after RpoE induction (P Ͻ 0.05), suggesting that RpoE is autoregulated in H. ducreyi (Fig. 6A  and B) .
Site-directed mutagenesis confirms the predicted RpoE-dependent promoter. The majority of the RpoE-dependent targets contained one or more putative RpoE promoter motifs (see Table  S5 in the supplemental material). To validate whether RpoE utilizes the predicted RpoE-dependent promoter motifs to control its targets, we selected the reporter strain containing the putative rpoH promoter region. Bioinformatics analysis showed the presence of two putative RpoE-dependent promoter motifs in the putative rpoH promoter region (Fig. 7A) . To identify which of these motifs was required for RpoE-dependent regulation of rpoH, we mutagenized the third, fourth, and fifth nucleotides in the Ϫ35 ducreyi RpoE promoter motifs. The logo was generated by the MEME algorithm using the 100-bp upstream sequences from the TSSs of 44 of 73 RpoE-dependent TUs for which the TSSs could be predicted based on the RNA-Seq data. The putative TSS is indicated, and the putative Ϫ10 and Ϫ35 regions are boxed. (B) Multiple-sequence alignment of the RpoE promoter region in the eight putative RpoE-dependent promoters that contained the most significant matches. Name, gene in which the motif was identified; Strand, strand in which the gene is located (ϩ, sense strand; Ϫ, antisense strand); Start, start position of the binding site relative to the TSS; P value, P value for the predicted promoter motifs; Ϫ35 and Ϫ10 regions of the predicted promoter are highlighted in bold.
regions of the 2 putative promoters (Fig. 7A) . Compared to at 0 min, the reporter activity of 35000HP(pDG16)(pDG17), which contains the wild-type putative rpoH promoter, significantly increased after RpoE induction (120 min, 3.5-fold Ϯ 1.3-fold) ( Fig.  7B and C) . Compared to at 0 min, the reporter activity of 35000HP(pDG19)(pDG17), which harbors mutations in the putative promoter 2 region, significantly increased after RpoE induction (60 min, 2.3-fold Ϯ 0.2-fold; 120 min, 3.5-fold Ϯ 0.5-fold) ( Fig. 7B and C) . However, compared to at 0 min, the reporter activity of 35000HP(pDG18)(pDG17), which harbors mutations in the putative promoter 1 region, was unaltered after RpoE induction ( Fig. 7B and C) . These data suggest that the putative promoter 1 region is required for RpoE-dependent regulation of rpoH and that RpoE likely utilizes the predicted promoter sequence to control its targets (Fig. 5A) .
Functional analysis of genes regulated by RpoE. We analyzed the genes that were differentially regulated after 5 and 10 min of induction (Tables 2 and 3 ). The RpoE-dependent genes belonged to several functional categories; DAVID bioinformatics analyses showed that several pathways or functional clusters were statistically enriched (30) . Clusters involved in envelope homeostasis such as those encoding factors involved in LPS biosynthesis and export (lsgA, lsgD, lsgE, lsgF, lgtB, waaF, glmM, galE, ftsH, HD0552, HD0553, and HD0586), OMP assembly and insertion (D15/ bamA, smpA/bamE, lpp, and lolA), peptidoglycan metabolism (murA, ampD, uppS, ampG, nlpD, prc, dacA, HD0112, HD0922, and HD1339), and periplasmic chaperones and folding catalysts (degP, ecfE, dsbA, surA, and dsbC) constituted a major part of the enriched clusters (Table 3) . A second major enriched cluster encoded homologues of factors involved in DNA mismatch repair (recJ, sbcB, mutT, uvrB, apt, tmk, and dnaX) and RNA modification (ksgA, rsuA, rluA, miaA, rumB, HD1138, and HD1770) ( Table  3) . A third major cluster of enriched genes encoded homologues of factors involved in regulation of gene expression (glnB, cysB, cpxR, cpxA, hfq, rpoH, rseA, rseC, ptsN, and asnC) ( Table 3) .
Comparison of RpoE-dependent genes to the CpxR and Hfq regulons and genes differentially regulated during stationary phase. We recently defined the genes differentially regulated by CpxR, Hfq, and growth in stationary phase relative to mid-log phase in H. ducreyi; we found that Hfq regulates stationary-phase gene expression in H. ducreyi (11, 36) . Since RpoE overexpression increased the transcription of cpxRA and hfq, we compared the RpoE-dependent genes to those differentially regulated by CpxR, Hfq, and stationary phase relative to mid-log phase. For this analysis, overlap was defined as differentially regulated genes whose expression was positively correlated (i.e., both upregulated or both downregulated). Compared to a cpxR deletion mutant, a cpxR-activating mutant differentially regulates approximately 140 genes in H. ducreyi harvested from stationary phase. There was no overlap between the 140 genes differentially regulated by CpxR There was less overlap of the genes differentially regulated by RpoE overexpression and those regulated by Hfq than was expected by chance (12/180 genes) (odds ratio ϭ 0.35; P ϭ 0.00015). Compared to organisms grown to mid-log phase, H. ducreyi harvested from stationary phase differentially regulated approximately 288 genes. Considering these 288 genes, there was a significant overlap of 180 genes differentially regulated by RpoE overexpression (46/180 genes) (odds ratio ϭ 1.93; P ϭ 0.0006). Taken together, these data suggest that under the conditions tested, the RpoE, CpxRA, and Hfq regulons do not appear to significantly overlap and that RpoE may play a role in stationaryphase gene regulation in H. ducreyi.
DISCUSSION
The H. ducreyi genome encodes homologues of two systems that generally respond to stresses affecting the cell envelope: RpoE and CpxRA. We previously showed that activation of CpxRA in H. ducreyi represses the majority of its targets encoding envelopelocalized proteins, including known virulence determinants, but does not affect the transcription of genes involved in envelope protein folding and chaperoning (11, 12) . To potentially understand how H. ducreyi regulates envelope stress responses, here we defined RpoE-dependent genes in H. ducreyi. We compared the transcriptome of a strain containing a plasmid that can be induced to expresses RpoE to that of a strain containing a vector control. The rationale for this approach is discussed in detail by Rhodius et al., who employed the same strategy to identify RpoE-dependent genes in E. coli (23) . RpoE overexpression upregulated cpxRA and hfq, which are also involved in gene regulation in H. ducreyi (11, 12, 36) . This raised the possibility that some of the transcriptional effects caused by overexpression of RpoE were indirect. Comparison of RpoE-dependent genes to those regulated by CpxR and Hfq showed no or little overlap. All together, these data suggest that the transcriptional changes resulting from RpoE overexpression are more likely due to direct regulation by RpoE and less likely due to secondary activation of other regulatory systems.
We showed that H. ducreyi RpoE upregulates 98% of its targets; a large number of these encode factors involved in envelope maintenance and repair. Unlike RpoE, H. ducreyi CpxRA downregulates the majority of its targets; most of these encode envelopelocalized proteins (11, 12) . Thus, RpoE functions primarily to maintain and repair the envelope, while CpxRA functions primarily to reduce protein traffic across the envelope, which otherwise may exacerbate preexisting envelope stress. These data suggest that RpoE and CpxRA appear to play distinct yet complementary roles in regulating envelope homeostasis in H. ducreyi.
H. ducreyi lacks a homologue of RpoS, which regulates stationary-phase gene expression in other organisms (37) . Compared to mid-log phase, entry into stationary phase is associated with differential regulation of 288 H. ducreyi genes (36) . Comparison of the genes altered by overexpression of RpoE to those differentially regulated in stationary phase relative to mid-log phase showed that approximately 26% of the genes altered by overexpression of RpoE overlapped and were positively correlated with those differentially regulated in stationary phase relative to mid-log phase (36) . Hfq is a major regulator of stationary-phase gene expression in H. ducreyi (36) . Although RpoE overexpression increased hfq transcription, comparison of RpoE-dependent genes to those regulated by Hfq showed little overlap, suggesting that the overlap between RpoE-dependent genes and those upregulated in stationary phase is not due to RpoE-dependent upregulation of hfq expression (36) . Although not experimentally addressed in this study, the data suggest that RpoE may also play a role in stationary-phase gene regulation in H. ducreyi.
One limitation of our study is that we did not define physiological signals that activate RpoE in H. ducreyi. We considered using the reporter constructs containing putative RpoE-dependent promoters to study such signals. However, due to our inability to recover an rpoE mutant, we did not have an appropriate negative control for these studies. In E. coli, RpoE is activated by a variety of envelope-perturbing stresses that lead to misfolded proteins in the outer membrane, upregulates several genes involved in envelope maintenance and repair, and coordinates with other stress response regulators (16, 17, 20, 23) . Similarly, H. ducreyi RpoE upregulated a large number of genes encoding factors involved in envelope maintenance and repair as well as those encod-
FIG 7
The predicted RpoE promoter is required for RpoE-dependent regulation of rpoH. (A) The predicted Ϫ10 and Ϫ35 regions of the two tandem RpoE-dependent promoters as well as the transcriptional and translational start sites are shown. In order to demonstrate that these promoter regions were functional, we mutagenized nucleotides within each Ϫ35 region. The mutagenized nucleotides are indicated in bold. (B) Effect of site-directed mutagenesis on promoter activity measured in the GFP reporter assay. Plasmids containing the wild-type and mutagenized putative rpoH promoter regions were electroporated into 35000HP(pDG17). Whole-cell lysates were prepared at 0 (lane 1), 60 (lane 2), and 120 (lane 3) minutes after RpoE induction and probed with an anti-GFP monoclonal antibody. PAL detected with the monoclonal antibody 3B9 served as a loading control. Putative promoter 1 and putative promoter 2, reporters with nucleotide substitutions in each putative promoter; control, reporter containing the wild-type putative rpoH promoter region. (C) Densitometry analysis of the Western blots from panel B. The data represent the means Ϯ SD from three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01.
ing several other stress response regulators. Despite the lack of information about the signals that activate RpoE in H. ducreyi, our results suggest that RpoE likely controls the response to envelope stress in this organism.
Our inability to obtain an rpoE mutant suggests that this ECF sigma factor is likely essential in H. ducreyi. A large set of RpoEdependent genes encodes homologues of factors involved in maintenance or repair of the cell envelope, suggesting that loss of RpoE may lead to loss of envelope integrity. On the other hand, RpoE overexpression was also toxic to H. ducreyi. This is perhaps due to redirection of cellular resources away from essential functions toward the synthesis of envelope components. Alternatively, as most RpoE-dependent genes encode homologues of proteins that localize to the periplasm/outer membrane, overexpression of RpoE may lead to saturation of membrane protein translocation machinery, resulting in cellular toxicity. These data underscore the fact that RpoE expression needs to be tightly regulated in order to ensure viability.
In E. coli, the CpxRA and RpoE systems are interconnected. For example, both RpoE and CpxRA positively regulate a large number of genes encoding protein folding and chaperoning factors and jointly regulate degP (17, 20, 23, (38) (39) (40) . In H. ducreyi, RpoE regulates homologues of these genes, including degP, while CpxRA does not. In E. coli, activation of CpxRA negatively regulates rpoE transcription, and RpoE does not regulate cpxRA transcription (20, 23, 38) . In contrast, activation of CpxRA does not regulate rpoE transcription in H. ducreyi, but RpoE positively regulates cpxRA transcription (11) . Thus, the interconnections between the CpxRA and RpoE systems in H. ducreyi differ from those in E. coli.
We conclude that H. ducreyi RpoE positively regulates a large number of genes involved in envelope maintenance and repair. In addition to its role in envelope homeostasis, our findings also suggest a possible role for RpoE in stationary-phase gene regulation in H. ducreyi. Future studies will focus on characterizing the contribution of RpoE-dependent genes to the ability of H. ducreyi to survive in humans.
